ABSTRACT: In situ growth rates of ciliates and heterotrophic nanoflagellates were determined after size fractionation during rainy and dry seasons at 2 coastal stations off Zanzibar Island, Tanzania. In addition, bacterial and primary production and the biomass components in the pelagic microbial community were measured. The bacterial and primary production, and growth rates of heterotrophic nanoflagellates were significantly higher during the rainy season. For the ciliate community the growth rate between the seasons did not differ, but the number of positive growth estimates increased by a factor of 5 in the rainy seasons compared with the dry seasons. Further, the diversity of ciliates increased with the amount of rain, and the size distribution indicated a shift towards a community with larger species. Data obtained from these experiments are summarised in a carbon budget for each season. Carbon budgets indicate that the carbon flow through the heterotrophic microbial food web was approximately 3 times higher during the rainy season compared with the dry season. However, due to the relatively lower production of larger diatoms, heterotrophic microplankton may be relatively more important as a carbon source for higher trophic levels, such as copepods, during the dry season.
INTRODUCTION
The composition and the production pattern of the plankton community are likely to influence the foodweb structure of larger predators, nutrient cycling and the sinking flux. In general, stratified and oligotrophic pelagic ecosystems are to a higher extent based on a microbial food web (including bacteria, protozoa and autotrophic pico-and nanophytoplankton) in contrast to turbulent and nutrient-rich environments where a diatom-based food chain develops (Cushing 1989 , Legendre & Rassoulzadegan 1995 . However, the relative dominance of a diatom-based food chain and the microbial food web varies in both space and time. For instance, microbial-web dominance usually increases from coastal areas to offshore (Kiarboe et al. 1990) , and a bloom of larger phytoplankton is generally closely followed by the development of a microbial food web (Sorokin 1981) .
The dominance of a microbial food web in oligotrophic waters may partly be explained by the strong competition for nutrients that will select for small cells with large area-to-volume ratios. Therefore, nanosized autotrophic flagellates and pico-sized cyanobacteria are usually the major contributors to the ocean photosynthesis (Waterbury et al. 1979 , Li et al. 1983 . Heterotrophic bacteria growing on e.g. exudates from autotrophs may also successfully compete for nutrients in oligotrophic waters. For instance, in studies conducted in oceanic environments the biomass of heterotrophic bacteria has been reported to even exceed autotrophic biomass (Fuhrman et al. 1989 , Cho & Azam 1990 , Roman et al. 1995 . On a global scale bacterial abundance shows a low regional and seasonal variation (Ducklow & Carlson 1992) which indicates a strong control of the bacterial community (Fenchel 1982) . This control is fundamental for the coexistence of small and larger cells and can be due to substrate limitation or predation or the combined effect of both (Pengerud et al. 1987) . Important predators of the very small cells at the food-web base are heterotrophic fla-gellates and ciliates (Andersen & Fenchel 1985 , Sherr et al. 1989 , which form a link to larger zooplankton, e.g. copepods (Jonsson & Tiselius 1990 ).
The generally nutrient-limited situations in tropical and subtropical areas suggest that the transport of carbon from bacteria to higher trophic levels could be a significant pathway in these ecosystems. For instance, based on high C:chlorophyll ratios in faecal pellets Roman et al. (1995) reported that zooplankton (~2 0 0 pm) in the Sargasso Sea mainly consumed heterotrophic carbon sources. Intense research over the past decades has considerably advanced our knowledge about pelagic ecosystems in temperate waters. From tropical ecosystems there are several studies on different components of the microbial food web (e.g. Gilron & Lynn 1989 , Torreton et al. 1989 , Stoecker et al. 1996 , but limited data on the dynamics within microbial plankton communities (Roman et al. 1995 , Reckermann & Veldhuis 1997 .
Although the seasonal variability in tropical and sub- regions, the plankton community may exhibit a seasonal cycle. In the open seas the seasonality can be related to input of nutrients due to changes in the to get the largest contrast between the stations, samdepth of the mixed layer (Roman et al. 1995) , and in ples from the nearshore station were always collected nearshore areas to nutrient input from land, depending at low tide and samples from the offshore station at on the seasonality in rainfall (Gallegos et al. 1992 , high tide. Hama & Handa 1994). The purpose of this study is to Nutrient analysis. For the determination of the condescribe the food-web structure and to quantify the centration of dissolved nutrients duplicate samples of carbon fluxes within the microbial community in a 50 m1 of seawater were filtered through a 0.45 pm coastal ecosystem off the coast of Zanzibar (Unguja) 25 mm Millex-HA filter that had been acid washed Island, Tanzania, and test for differences between the with 10% HCl and thoroughly rinsed with Milli-Q rainy and the dry seasons.
water. Fifty m1 of unfiltered seawater was collected for estimation of total nitrogen and phosphorus concentrations. Except for the analysis of ammonium, samples were stored frozen until analysis using an autoanalyser (Lachat Quick Chem 800). For measurements of ammonium concentrations, triplicate samples were preserved with phenol and analyzed directly after sampling according to Parsons et al. (1989) using a Shimadzu -1201 spectrophotometer. Dissolved organic carbon (DOC). Duplicate 7 m1 samples of seawater were filtered through a 0.45 pm 25 mm Millex-HA filter that had been acid washed with 10% HC1 and thoroughly rinsed with Milli-Q water. Samples were preserved with 100 p1 1 M HC1. The samples were stored at 4OC until analyzed with a Shimadzu TOC 5000.
Particulate organic carbon (POC). Duplicate samples (500 ml) were filtered onto a precombusted (450°C for 3 h) GF/F 25 mm glass fibre filter (Whatman). Filters were then dried at 40°C overnight and stored frozen until analyzed with a Carlo Erba 1106 Elemental Analyzer. The carbon content of non-filtered blank filters was subtracted from the filter samples.
MATERIAL AND METHODS
Sampling site. Zanzibar Island is situated off the Tanzanian coast (5"40'-6'30' S, 3g010'-39'35' E). The rainy seasons occur during March to May and October to November. The north-east monsoon blows from December to April and is characterised by higher air temperatures (>3OoC), lower wind speeds and calmer seas. The south-east monsoon blows from June to October and is by contrast characterised by cooler air temperatures (-25"C), higher wind speeds and rougher seas. The tidal amplitude varies between 0.9 and 4.6 m. Seawater was collected at 2 stations off Zanzibar town (Fig. 1) . In this area there is no freshwater supply from rivers but untreated sewage water is discharged into the coastal water. Each station was sampled twice on each sampling occasion in August 1995 and 1996 (dry season), and April 1996 and 1997 (rainy season) at 2.5 m depth. The depths at the sampling stations were 15 and 25 m, respectively. In order Picoplankton. Twenty m1 of seawater was preserved with formalin to a final concentration of 2.5 %. For enumeration and measurement of picocyanobacteria, 10 m1 of seawater was collected on a 0.6 pm 25 mm polycarbonate filter (Poretics). For enumeration of heterotrophic bacteria, 1 or 2 m1 of seawater was stained with DAPI (Porter & Feig 1980) and filtered through 0.2 pm 25 mm black polycarbonate filters (Poretics). Samples were counted in an epifluorescence microscope at 1200x magnification, using UV excitation light. At least 300 cells per filter were counted.
Abundances and growth rates of ciliates and heterotrophic nanoflagellates. To estimate the abundance and growth rates of heterotrophic nanoflagellates (HNF) seawater was filtered by gravity through a 5 pm polycarbonate filter (Poretics) and triplicate samples were incubated for 20 h in a water bath at ambient water temperature. Incident light was screened to 75 % I. by a neutral filter. At the start and at the end of the experiment, 10 m1 of live samples was stained with proflavine, fixed with ice-cold glutaraldehyde, and filtered onto 0.8 pm 25 mm black polycarbonate filters (Poretics) (Haas 1982) . The filters were stored frozen and enumerated within 24 h in an epifluorescence microscope.
Abundance and growth rates of ciliates were measured in size fractionated water samples. The seawater was filtered with reversed filtration through 200 pm and 50 pm sieves to remove larger predators. Triplicate samples were incubated for 24 h in 2.5 l polycarbonate bottles. Triplicate 1 1 samples from each fraction were preserved in 1 % acid Lugol's solution initially and at the end of each experiment. After 24 h, the fixed samples were concentrated on a 10 pm mesh net and rinsed into 50 m1 containers. This method is quantitative according to Tiselius (1989) . After overnight sedimentation half of the sedimentation chamber or at least 400 cells (not including the autotrophic Mesodinium rubra) were counted in an inverted microscope at 250x magnification. Identification of the ciliates to family or genus was based on Montagnes & Lynn (1991) and Marshal1 (1969) .
Population growth rates ( p ) for HNF and ciliates were calculated from the changes in abundance, assuming exponential growth: where N(0) and N(t) are the mean number of cells at the start and at the end of the experiment, and t is the duration of the experiment. Ingestion rate was calculated from the growth rate assuming complete heterotrophy and a carbon gross growth efficiency of 30 % (e.g. RVis biovolume in pm3 cell-' and the carbon content (C) is given in pg C cell-'. The carbon content of ciliates was calculated using a conversion factor of 0.19 pg C pm-3 (Putt & Stoecker 1989) .
Mixotrophic ciliates. To get an estimate of the percentage of mixotrophic ciliates, 1 seawater sample (225 ml) from each station was preserved with 20% formalin buffered with hexamethylenetetramine to a final concentration of 2% . 100 m1 was concentrated overnight in a settling chamber and ciliates in half of the chamber were examined with blue excitation light in an epifluorescence microscope. The samples collected in August 1995 were lost.
Other microplankton components. One litre of seawater was preserved with l % acid Lugol's solution and thereafter treated as the samples for the estimation of ciliate growth rates. In this case the dominant phytoplankton genera were identified and for the abundance of di.n.oflagellates 2 diagonals of th.e chamber (44.6 mm2) were scanned at 250x magnification.
Chlorophyll a. The concentration of chlorophyll a was determined according to Parsons et al. (1989) . Duplicate samples of 2 1 of seawater were filtered onto 0.65 pm 47 mm Millipore membrane filters, extracted in 90% acetone overnight and measured using a Shimadzu -1201 spectrophotometer.
Primary production. Thirty m1 of seawater was gently poured into polycarbonate bottles (Nalgene) and 5 pCi of s~dium('~C)bicarbonate (0.1 mCi mmol-l) was added. Triplicate light and dark bottles were incubated from noon until sunset in a water bath at ambient temperature. The incident light was screened to 75 % I. by a neutral filter. Subsamples of 5 m1 were added to scintillation vials, acidified with 300 p1 of 6 M HCl and thereafter bubbled for 40 min. Fifteen m1 of scintillation fluid Optiphase Hisafe 3 (Wallac) was added and the samples were counted in a Beckman LS1801 scintillation counter using a quench correcting program. Dissolved inorganic carbon concentration in the water was calculated from pH and salinity (Parsons et al. 1989) .
Bacterial production. The bacterial production was determined using the tritiated thymidine method as modified by Smith & Azam (1992) . Tritiated thymidine (46 Ci mmol-l) was added to a final concentration of 20 nM, which was at the level of saturation. The con-version factor for the number of cells produced per m01 thymidine incorporated was estimated according to Kirchman & Ducklow (1993) and determined to be 1.3 X 10''. The production in terms of carbon biomass (pg C 1-l) was calculated by multiplying the number of cells produced by the average cell carbon content. The bacterial production was assumed to be constant over a 24 h period and carbon gross growth efficiency to be 50 % (Ducklow & Carlson 1992) .
Statistical analysis. As the experimental set up was not designed to test for differences between the stations, these data were pooled. The differences of biological and chemical parameters between the seasons were statistically tested using a l-factor analysis of variance (ANOVA). Homogeneity of the variances was checked for with Cochran's test (Winer et al. 1991 ). An ci of 0.05 was used in all statistical tests.
RESULTS

Hydrography and nutrients
The temperature in the water column varied between 25 and 2g°C, with the lowest measurements recorded during the dry seasons (August; Table 1 ). The variation within the seasons was 51°C. The rainfall during the sampling periods was 14 times higher dur- In contrast, the concentration of total nitrogen as well as POC were significantly higher during the rainy seasons (total N, p = 0.035; POC, p = 0.001). The concentration of total phosphorus did not significantly differ between the seasons (p = 0.2), although the highest concentrations were measured during the rainy seasons.
Plankton biomass
Changes in the nutrient concentration in the water may translate into changes in the biomass at different trophic levels. In this study the abundance and biomass of heterotrophic bacteria, nanoflagellates and ciliates did not differ between the seasons (Fig. 2) . The highest abundances of heterotrophic bacteria was measured during the rainy season in 1996 with 3.6 to 4.6 X log cells I-' at the nearshore station; this coincided with relatively higher ammonium concentrations. In contrast, for the picocyanobacteria the highest recorded values occurred during the dry season in 1995 with 1.5 to 1.6 X 108 cells 1-l, and this coincided with the highest abundances of HNF (5.6 to 5.8 X 106 cells I-'). An analysis of the correlation between the abundances of cyanobacteria and HNF gave a coefficient of 0.65 (Spearman rank correlation, p = 0.006; Fig. 3 ). If the outlier (i.e. the point to the lower right of the major cluster) is excluded, this correlation increases to 0.78 (Spearman rank correlation, p = seasons ciliates in the size range >35 pm constituted 50% of the biomass whilst the corresponding value during the dry seasons was 30% (Fig. 4) . Also, the diversity showed a tendency to increase with the amount of rainfall (Fig. 5) . The abundance of dinoflagellates varied between 1 and 3 X 103 cells 1-' and was dominated by the genera Protoperidinium, Gyrodinium, Gymnodinium and Ceratiurn. The microphytoplankton was mainly dominated by diatoms such as Chaetoceros spp., Rhizosolenia Table 2 ).
Plankton production
Variations in nutrient concentration may influence the growth rate of autotrophs and heterotrophic bade- ing the rainy seasons both for the primary (P = 0.004) 20-35 and >35 pm) . showing detectable growth rates correlated with the amount of rainfall and the bacterial production (p = 0.031; Fig. 6 ). The primary production was on average almost 6 times and the bacterial production 7 times higher during the rainy seasons compared with the dry seasons. The ing the dry seasons compared to the rainy seasons higher primary production rates were also reflected by (Fig. 7) . For instance, no positive growth rates were the significantly lower concentrations of silica during obtained at the offshore station during the dry seasons. the rainy season.
With increasing rainfall an increasing number of incuFor HNF the growth rate was significantly higher bations resulted in positive growth rates, in particular during the rainy seasons (p = 0.006). The specific for the larger ciliates. A bloom of the ciliate Laboea sp. growth rates varied between 0.0 and 0.6 d-' (average occurred on 1 sampling occasion during the rainy sea-0.3 d-') during the dry seasons and between 0.2 and son in 1996 at the nearshore station, which coincided 2.5 d-' (average 1 . 2 d-') during the rainy seasons. Thus, with the highest estimated growth rates for ciliates and the highest growth rates of HNF did not coincide with HNF, and the highest abundance and production of the highest abundances. In contrast to the growth rates heterotrophic bacteria. On this occasion the only posiof HNF, the growth rates of ciliates did not differ tive growth rates for ciliates within the taxa Tintinnina between the seasons; however, the number of positive (Favella azonca), Strobilidina and Strombidiidae estimates of growth rates was considerably fewer dur->35 pm were obtained (Table 3) .
Rainy Dry Season Fig. 6 . Average values of the primary and bacterial production during the rainy and dry seasons. Error bars shows the standard deviation 
DISCUSSION
Control of the plankton community
In tropical and subtropical nearshore areas variations within the plankton community can be related to input of nutrients from land, depending on the seasonality in rainfall (Gallegos et al. 1992 , Hama & Handa 1994 . In this study the concentrations of dissolved inorganic nutrients, apart from silica, were not significantly different between the 2 seasons. This may reflect that the turnover of nutrients was rapid since concentrations of total nitrogen and POC were twice as high during the rainy season. Further, the significantly lower concentration of silica coincided with a higher primary production. For heterotrophic microorganisms the difference between the studied seasons mainly occurred as an increase in growth rates rather than in abundance and biomass. This indicates that there was a tight coupling between different components of the microbial food web. In a modelling approach to assess the control of the abundance of heterotrophic bacteria (Sanders et al. 1992) and HNF (Gas01 1994), it was concluded that these communities are mainly controlled by resource limitation in oligotrophic environments and by predation in nutrient-rich systems. The weak correlation between heterotrophic bacteria and HNF in this study suggests that the bacterial abundance was controlled by substrate availability, and that HNF was also dependent on food sources other than heterotrophic bacteria. This latter hypothesis is supported by the relatively high correlation between the abundances of HNF and cyanobacteria in comparison with the lack of correlation between the abundances of HNF and heterotrophic bacteria.
For ciliates the threshold concentration for survival ranges between 10 and 100 pg C I-', which is near or above average typical prey biomass levels in the sea (Montagnes 1996) . This indicates that the abundance of ciliates is mainly controlled by the availability of prey. However, data from Danish coastal waters indicate that the ciliate community can also be predator controlled (Nielsen & Kiarboe 1991) . It is possible that this reflects that food generally limits ciliate abundance but that top-down control increases in importance as a regulating factor in more nutrient-enriched systems.
sons. In laboratory cultures it has been demonstrated that when the food is not limiting, ciliate growth rates are closely correlated with cell size (Fenchel 1968 , Finlay 1977 and temperature (Finlay 1977 , Verity 1985 . Comparison of in situ ciliate growth rates with growth models derived from cell size and ambient temperature could therefore indicate the degree to which the growth of natural ciliate populations may be limited by food availability. Montagnes (1996) compared laboratory-derived data on the growth rates of species of Strobilidium and Strombidiun~ and values obtained from predictive formulas. The predictive equation suggested by Miiller & Geller (1993) was found to agree best with observed growth rates. This equation was therefore used on data from this study to compare the observed and predicted growth rates for Strobilidium spp. with the assumption that the p,,, of these species show a similar functional dependence on size and temperature. The formula used was:
where p,,, is the maximum growth rate, d-'; Tis temperature, " C ; and Vis ciliate cell volun~e, All the predicted values were higher than the present estimates by a factor of 1.6 to 3.5 (Table 4) . When testing the equation by Muller & Geller (1993), Montagnes (1996) found that the main source of over-prediction of growth rate was related to temperatures >20°C, which may explain some of the differences between the predicted and the estimated p,,,. The largest difference between the predicted and the estimated p,,, occurred for the smallest cells. In fact, estimated p,,, values did not vary between the size groups. Differences between the size classes were more reflected by the fact that only the smaller-sized ciliate group showed positive growth rates during the most nutrientconstrained situations, i.e. the dry seasons and at the offshore station.
The increase in the number of positive growth rates with increasing rainfall may reflect changes in production, as well as composition, of the food sources. Further, methodological problems for estimation of proto- Table 4 . Predicted growth rate according to Miiller & Geller (1993) , and the in situ estimated growth rate for Strobilidium spp. of 2 different cell volumes at 25'C (dry season) and 29°C
(rainy season)
Control of ciliate growth rate
Estimated growth rates for ciliates were within the range reported from other areas (Gilron & Lynn 1989 , Pierce & Turner 1992 , but, in contrast to other groups, growth rate for ciliates did not differ between the seaCell volume Temperature Predicted p,,, Estimated p,,,
zoan growth rates must be considered. For instance, the fractionation method assumes that mortality is solely caused by larger predators that are removed by filtration. Nielsen & K i~r b o e (1991) suggested that similarly sized predators such as heterotrophic dinoflagellates, which feed on smaller ciliates, will cause a n underestimate of the growth rate of small ciliates relative to larger ciliates. Consequently, growth rates of ciliates, as well as those of HNF, calculated from in situ incubations can therefore, at best, be considered as Rainy Season conservative. However, the 5-fold increase in the number of positive growth rates and the higher number of positive estimates for the ciliates in the larger size group during the rainy seasons indicate that the ciliate community is controll.ed by food rather than by temperature or predators. This conclusion is also supported by the observation that the shift in the size distribution towards a community with larger ciliates coincided with an increase in the production of both heterotrophic and autotrophic plankton. The data obtained in this study were used to establish a preliminary carbon budget between bacteria, HNF, ciliates and phytoplankton for the dry and the rainy seasons, respectively (Fig. 8) . The data that were used to calculate the magnitude of the different fluxes are presented in Table 5 . In this study the fractionated primary production was not measured. However, the average total primary production is similar to the total primary production obtained in diel experiments (105 pg C 1-' d-' during a rainy season and 19 pg C 1-' d-I during a dry season; Wallberg & Andersson unpubl.) when fractionated primary production was measured. From the diel experiments the percentage distribution between the size classes was used to get a n estimate of the production of cyanobacteria (10 and 50% during the rainy and dry seasons, respectively), nanophytoplankton (30 and 40% during the rainy and dry seasons, respectively), and phytoplankton > l 0 pm (60 and 10% during the rainy and dry seasons, respectively).
The production of heterotrophic bacteria amounted to approximately 10% of the primary production. This suggests that the bacterial production could have phytoplankton as the only source for DOC (Ducklow & Carlson 1992) . The production of heterotrophic bacteria and cyanobacteria balances the HNF carbon demand better during the dry seasons than estimates from the rainy seasons. It is possible that the estimates of the diel production of heterotrophic bacteria are underesti- mated as the production was extrapolated over 24 h. As the primary production and, hence, the production of phytoplankton exudates increase during the day, the bacterial production is likely to show a diel variation (Hagstrom et al. 1988, Wallberg & Andersson unpubl.) . Higher primary production during the rainy (Hama & Handa 1994, Wallberg & Andersson unpubl.) as compared to the dry seasons would also give more exudates, with the potential to support higher bacterial production rates. In line with this, results from experiments conducted in the same area suggest that the diel variation in bacterial production is higher during the rainy than the dry season (Wallberg & Andersson unpubl.). Even though the bacterial diel production may be underestimated, the carbon budget implies that a significant part of the carbon demand by HNF might be supported by the picocyanobacteria. This uptake route could be particularly important during the dry seasons, when as much as 92% of the HNF carbon demand potentially could be met by cyanobacteria. The corresponding value for the rainy seasons was 33%. Although the production of cyanobacteria was not directly measured and may be overestimated, the importance of cyanobacteria as a carbon source for HNF is supported by the relatively high correlation between the abundance of cyanobacteria and HNF. Similarly, Hagstrom et al. (1988) estimated that 57 % of HNF carbon demand was met by cyanobacteria in the Mediterranean Sea. Also, in the Arabian Sea Reckermann & Veldhuis (1997) estimated that HNF could satisfy their carbon demand exclusively from picophytoplankton.
The carbon budget suggests that 30 to 100% of the nanoflagellate fraction was consumed by ciliates, with the lowest percentage estimated for the rainy season.
However, it is unlikely that food sources would be idle assets in an oligotrophic environment. Due to the methodological problems described above, the ciliate production may have been underestimated. In addition to ciliates, heterotrophic dinoflagellates may also feed on nanoflagellates. The relative significance of these 2 protist groups as predators on nanoflagellates is still unclear but laboratory data suggest that dinoflagellates ingest prey that correspond to their own size most efficiently (Hansen 1992) .
In summary, the results from this study indicate that the heterotrophic microorganisms increased their growth rate during the rainy season without major changes in biomass. The hypothesis that the bacterial production balances the carbon demand by HNF suggests that the carbon flow from heterotrophic and autotrophic bacteria via HNF to ciliates was approximately 3 times higher during the rainy season compared to the dry season. In this context it is interesting to note that when the average of all ciliate growth rates (not only the positive growth rates) was calculated, the growth rate for the rainy season was 3 times higher than the average value for the dry season. However, in spite of a higher efficiency in the carbon flow during the rainy season, heterotrophic microplankton may have been more important as a carbon source for higher trophic levels during the dry season due to the relatively lower production of larger phytoplankton.
